The effect of K + deprivation on water and K + transport in roots was studied in sunflower plants. Deprivation was achieved in two different ways: by removing K + from the growth medium for varying intervals; and by growing plants permanently in a low-K + medium. Removal of K + from the growth medium for a few hours prompted a significant increase in xylem sap exudation, associated with an increase in root hydraulic conductivity; however, it did not give rise to any significant change in plant K + content, nor did it favour root K + exudation. By contrast, prolonged K + deprivation led to a decline in the internal K + content and stimulated water and K + transport in roots. Leaf application of K + (Rb + ) in plants grown permanently in a low-K + medium inhibited the effect of K + deprivation on root water and K + transport, without significantly modifying the internal K + content of the plants. This treatment had no effect on normal-K + plants. These results suggest the existence of mechanisms enabling perception of plant K + status and/or K + availability in the medium, which trigger transduction processes governing the transport of water and K + from the root to the shoot.
Introduction

K
+ is the main osmotic solute in plants (Mengel and Arneke, 1982) . Its accumulation in the cell leads to osmotic water uptake and generates the cell turgor required for growth (De la Guardia and Benlloch, 1980; Mengel and Arneke, 1982) and stomatal opening (Fischer and Hsiao, 1968 ). At the whole plant level, K + is also involved in osmotic water absorption by the root and in the control of leaf transpiration (Hsiao and Läuchli, 1986) .
Although certain aspects of how plants respond to K + deprivation are known, K + deprivation perception in relation to water and K + transport in the root has not yet been characterized. It has been reported that K + deprivation activates K + and water uptake in plant roots: a low plant K + status favours root K + uptake (Kochian and Lucas, 1982; Siddiqi and Glass, 1987; Benlloch et al., 1989) and xylem K + flux (Quintero et al., 1998) . It is well known that K + deprivation triggers the expression of transporters involved in K + uptake (Gierth et al., 2005; Ashley et al., 2006; Gierth and Maser, 2007) and the expression of transporters involved in xylem and phloem loading and unloading (Pilot et al., 2003) . K + recirculation within the plant via phloem, from the shoot to the root, may be involved in regulating long-distance xylem K + transport (Marschner, 1995) .
Water uptake and flow through the plant is driven by a water potential gradient, and regulated by both leaf stomatal conductance and root hydraulic conductivity. Stomatal opening is prompted by the accumulation of large amounts of K + by guard cells, resulting in water uptake and cell turgor. Stomatal closure is preceded by the release of K + by guard cells, giving rise to a loss of turgor (Kearns and Assmann, 1993; Assmann and Shimazaki, 1999) . It might seem reasonable to assume that K + deprivation would hinder stomatal opening and favour stomatal closure; however, a number of studies have shown that K + deprivation actually favours stomatal opening and transpiration (Brag, 1972; Sudama et al., 1998; Bednarz et al., 1998; Cabañ ero and Carvajal, 2007) . Indeed, recent research suggests that K + deprivation inhibits water-stressinduced stomatal closure in olive trees and sunflower plants (Arquero et al., 2006; Benlloch-González et al., 2008) , favouring stomatal conductance. Although there is little information on the effect of deprivation of other ions on stomatal conductance, it has been suggested that it is inhibited by a deficiency in the anions of the main elements involved in plant nutrition such as N (Chapin et al., 1988; Dodd et al., 2003) , P, and S (Clarkson et al., 2000) . K + is recognized to be the solute largely responsible for lowering the solute potential in root xylem vessels, thus creating the water potential gradient from the root to the external medium and enabling osmotic water absorption by the root (Läuchli, 1984) , a vital mechanism for growth and plant rehydration at night (Kramer, 1983) . It might therefore be assumed that K + deprivation would inhibit osmotic water absorption by the root. Yet studies in several plant species suggest that K + deprivation actually favours this absorption (De la Guardia et al., 1985; Schraut et al., 2005) . Most of the studies addressing the effect of plant nutrient status on root hydraulic conductivity have focused on the effect of deprivation of an element in the growth medium on water transport through the root. The results obtained are contradictory and depend upon the type of ion. It has been suggested that the removal of nitrate (Radin and Ackerson, 1981; Chapin et al., 1988; Barthes et al., 1996; Gorska et al., 2008; Gloser et al., 2009) , phosphate (Radin and Eidenbock, 1984; Radin and Matthews, 1989; Carvajal et al., 1996) , sulphate (Karmoker et al., 1991) , and Ca 2+ (Quintero et al., 1999; Cabañ ero and Carvajal, 2007 ) from the growth medium has a negative effect on root hydraulic conductivity, whereas it is stimulated by the deprivation of Mg 2+ (Cabañ ero and Carvajal, 2007) and K + (Quintero et al., 1998; Schraut et al., 2005) . According to the available information, the action of K + deprivation on water transport in both root and leaf favours water transport through the plant. It is not known whether this 2-fold action, one on the root and the other on the leaf, has any physiological significance, or is indicative of a physiological disorder.
Ions transport from the root to the shoot is mainly by xylem flow, although it is not yet clear which of the two mechanisms involved in xylem transport, i.e. osmotic water uptake or transpiration, play the main role in plant mineral nutrition. For a long time, it was assumed that solute flow from the root to the shoot was related to transpired water flow (Fischer, 1958; Epstein, 1972; Kramer, 1983) . However, most research in whole plants has failed to identify a direct relationship between transpiration and either the long-distance transport of solutes, including K + (Muenscher, 1922; Schulze and Bloom, 1984) , or root uptake of ions present in low concentrations in the external medium (Russell and Shorrocks, 1959; Blom-Zandstra and Jupijn, 1987; Pitman, 1988) . The results obtained about the effect of nutrient availability in the growth medium on the regulation of transpiration are also contradictory. It has been reported that night transpiration is not regulated by nitrate limitation in Helianthus annuus (Howard and Donovan, 2007) . In Ehrharta calycina, however, it has been suggested that day transpiration is increased in response to decreased nutrient availability (Cramer et al., 2008) . On the other hand there is evidence that, in a low-transpiration environment, osmotic water absorption by the root may, in itself, be sufficient for the long-distance supply of nutrient to the plant shoot Beevers, 1990, 2001) .
Despite the importance of K + and water flows in the xylem for plant growth and agricultural productivity, the perception of root K + deprivation and the regulation of both flows in the root in response to K + deprivation have not been elucidated. Plants have possibly developed mechanisms to perceive K + fluctuations in both the external medium and in the plant itself and also a transductional process to co-ordinate water and K + flows between the different parts of the plant. This study provides evidence that support this hypothesis.
Materials and methods
Plant material and growth conditions
Sunflower seeds (Helianthus annuus L. cv. Sun-Gro 393, Eurosemillas SA, Córdoba, Spain) were surface-sterilized in 0.5% (v/v) sodium hypochlorite for 1 min, and germinated in the dark for 4 d at 25°C in Perlite moistened with 5 mM CaCl 2 . On the 4th day, seedlings were placed in a plant growth chamber with a relative humidity between 60-80%, a day night temperature of 25/22°C, a photoperiod of 14 h of light, and a photosynthetic photon flux density of 450 lmol m . In all cases Ca(OH) 2 was used to adjust the pH of the nutrient solution to 5.5. The nutrient solutions were continuously aerated using an air pump and were renewed on day 7 and the day before the assay. The volume was adjusted daily to 720 ml.
Foliar treatments
Foliar treatment of 2% (w/w) RbCl or KCl was applied to plants with different K + nutrition. An aqueous solution of RbCl or KCl was sprayed uniformly onto the leaves of 14 d-old-plants and thereafter the plant nutrient solution was renewed. Plants were harvested 48 h after applying the foliar treatment. Leaf fresh weight was measured and the leaves were washed with deionized water.
Exudate collection
The exudation experiments were performed on 13, 14, or 16-d-old plants and started 30 min after switching on the lights of the growth chamber. Plants were de-topped 1 cm above the transition zone, and pieces of tightly fitting latex tubing were affixed to the cut stumps. During the exudation period roots were kept in the same growth nutrient solution, except in those assays in which the KCl foliar treatments were applied. In this case, the nutrient solution was changed for another with the same composition as the basic one except that KCl was replaced by RbCl (1 mM). The exudates from the xylem vessels were collected in test tubes for 20 or 21 h depending on the assay; during this period, the root external medium was continuously aerated and kept at 25°C. The volume of sap collected was determined by measuring the difference in weight of the test tubes before and after the collection period. Afterwards, the roots were individually washed in 150 ml of cold 5 mM CaSO 4 solution (5°C) for 5 min to allow the exchange of the cell wall contents. Finally, the roots and their exuding saps were individually weighed, frozen, and stored at -20°C.
Other analyses
The osmotic pressure of the exudates and of the external medium was determined by means of a thermocouple psychrometer (VAPRO, Vapour Pressure Osmometer, 5520, Wescor) . The values of hydraulic conductivity of the roots (L p ) were calculated using:
where J v is the exudation rate (ll g À1 root FW h À1 ); p x and p o are the osmotic pressures of the exudate and the external medium (MPa), respectively; and r is the overall reflection coefficient of the root, the value of which is assumed to be unity (BassiriRad et al., 1991) . K + and Rb + were determined by atomic absorption spectrophotometry (PerkinElmer 1100 B), either directly in the exuded xylem sap or after extraction from the roots or shoots with a 10% acetic acid solution (Benlloch et al., 1989) . K + and Rb + in the xylem sap (J K and J Rb ) were expressed as a flow (nmol g À1 root FW h
À1
) and were calculated from the ion concentration in the xylem sap, xylem sap volume, fresh weight of the root, and time of exudation. The rate of Rb + uptake by the root (V Rb ) was calculated from the Rb + accumulated in the root plus Rb + in the xylem sap during the exudation period, and the values were referred to the fresh weight of the root, and the time of uptake (nmol g À1 root FW h À1 ) (Benlloch et al., 1989) . 
Experimental design
The experiments were set up in a completely randomized design. In all the experiments, four plants (replicates) were used for each treatment. Values shown are means 6standard error (SE). The significance of differences between means values was determined by analyses of variance based on randomized block analysis using Tukeýs test and a 5% rejection level. In some cases data were subjected to a factorial analysis, studying the interaction between factors when it existed. All statistical analyses were made using Statistix 8.0 software package.
Results
Under the experimental conditions used in the present study, osmotic water absorption was the mechanism responsible for water movement through the root system. The first objective of this study was to determine the effect of removing K + from the plant growth medium on water and K + flow in excised roots. Removal of K + from the growth medium for 7 h increased the root exudation rate (J v ) and prompted a marked inhibition of K + flux in the xylem sap (J K ) (Fig. 1) . However, plant internal K + content was not affected; no significant difference was observed in root K + levels, and only a very slight decrease was apparent in the shoot (Fig. 2) . The effect of K + deprivation on the root exudation rate was related to root hydraulic conductivity (L P ). Values for estimated L P were lower in controls than in K + -deprived plants (1112616 versus 352461 ll g À1 root FW h À1 MPa À1 , respectively). A prolonged K + deprivation (31 h) considerably increased J v , which recorded values 2.7 times higher than those of control roots (Fig. 1) . Plant K + levels declined significantly, mainly in the roots (Fig. 2) , and there was a marked increase in J K , which attained values close to those of controls and higher than those observed after deprivation for 7 h (Fig. 1) . The effect of replacing 2.5 mM KCl by 2.5 mM NaCl during the 7 h or the 31 h period was tested. The results showed root exudation rates similar to those observed in K + deprivation plants (data not shown). These results suggest that a short term (7 h) of K + deprivation, i.e. before any significant change takes place in tissue K + levels, only favours L p independently of its effect on J K , whereas later (after 31 h), once changes have taken place in root K + levels, it also favours J K . For the remaining experiments, the plants were grown in a nutrient solution containing a low K + level throughout the whole experimental period (Low K plants). Plants, therefore, had lower K + internal contents than in the previous experiment (Table 1; Fig. 2 ). Values for J v (Fig. 3) were similar to those recorded earlier for roots deprived of K + for 31 h (Fig. 1) . Roots of K + -deprived plants (Low K) displayed both J v and L P greater than those grown with adequate K + levels (Normal K). RbCl was applied to the (Table 1) ; however, it significantly inhibited the effect of K + deprivation on J v and L P (Fig. 3) . In order to study the possible interaction between the factors tested (level of K + in the growth medium3leaf RbCl treatment) on J v and L p , a factorial analysis was performed indicating that leaf treatment only exerted an effect in K + -deprived plants, inhibiting both parameters. Leaf application of RbCl also inhibited K + flow in the xylem sap, although the effect was more marked in K + -deprived plants. Interaction between both factors on J K did not exist (Fig. 4) .
In other assays, similar to those already described, KCl was applied to the shoot instead of RbCl. Isolated roots were then placed in a nutrient solution identical to the growth medium except that KCl was replaced by RbCl at a concentration of 1 mM. The objectives were: (i) to determine whether leaf treatments with KCl and RbCl cause the same effect on J v and J K ; and (ii) to elucidate the specific effect of leaf KCl application on the rate of Rb + uptake by the root (V Rb ) and the Rb + flux in the xylem sap (J Rb ) in plants with different K + status. Both leaf treatments tested (KCl and RbCl) had the same effect on both J V and J K . In K + -deprived plants, they inhibited the effect of K + deprivation on J V and J K ; however, in plants supplied with sufficient K + , these treatments had no significant effect (Figs 3, 4, 5) . On the other hand, K + deprivation significantly favoured V Rb as well as J Rb ; both effects were inhibited by leaf application of K + . By contrast, a leaf application of K + in Normal K plants had no effect on either V Rb or J Rb (Fig. 6 ).
Discussion
The results obtained in this study with excised roots suggest that K + deprivation induces the co-ordinated transport of water and K + in sunflower roots. These two phenomena K + deprivation induces water and K + transport | 161 may be independent but sequential. Removal of K + from the growth medium for a few hours prompted a significant increase in root water transport, associated with increased hydraulic conductivity (Fig. 1) . Short-term removal of K + from the medium did not lead to significant changes in K + content either in the root or in the shoot (Fig. 2) , nor did it favour K + transport (Fig. 1) . However, prolonged K + deprivation stimulated the transport of both water and K + (Fig. 1) . The idea that deficiency in an essential element promotes hydraulic conductivity in the root, thus facilitating nutrient transport to the shoot, has long been a matter of debate. Most research results contradict this hypothesis. Deficiency or reduced availability of an essential element, in anion or cation form, has been found to prompt a decline in root hydraulic conductivity (Karmoker et al., 1991; Barthes et al., 1996; Carvajal et al., 1996; Quintero et al., 1999; Cabañ ero and Carvajal, 2007; Gorska et al., 2008; Gloser et al., 2009) , except in the case of Mg 2+ (Cabañ ero and Carvajal, 2007) and K + (Quintero et al., 1998; Schraut et al., 2005) , where conductivity is enhanced. The results of the present study support these findings.
Water transport in roots is thought to be complex and has been called 'composite transport model' (Steudle and Peterson, 1998) . The changes in L p could either be due to biophysical effects (membrane hydraulic conductivity or an altered ratio of symplast/apoplast transport), or to changes in the reflection coefficient. It is not known what root mechanism is activated by K + deprivation to stimulate its hydraulic conductivity. In sunflower roots, K + deprivation only stimulates symplastic flow, both during osmotic water absorption in excised roots (Quintero et al., 1998) and during transpiration in whole plants (Fournier et al., 2005) , suggesting that deprivation may act at the root symplast level and involve aquaporins. Available data regarding the effect of K + deprivation on aquaporin activity are sparse and contradictory. Prolonged deprivation is reported not to lead to any increase in the activity of mercury-sensitive aquaporins in plant roots of Arabidopsis (Maathuis et al., 2003) , pepper (Cabañ ero and Carvajal, 2007) , and sunflower (Benlloch-Gonzalez, 2009 ), although in the early stages of deprivation greater PIP and MIP aquaporin activity has been observed (Maathuis et al., 2003) . This would suggest that the effect of prolonged K + deprivation on root water flow is not mediated by mercury-sensitive aquaporins.
There is evidence indicating that K + deprivation generates signals that act on the expression of K + transporter genes (Gierth et al., 2005) . Little is known of the transduction process regulating these responses to K + deprivation, although ethylene may apparently be involved (Amtmann et al., 2005; Ashley et al., 2006; Jung et al., 2009) . A number of studies note that perception of external K + concentrations may be involved in the homeostasis of internal K + status (Maathuis and Sanders, 1997) . GORKtype channels have been identified as sensing external K + levels (Ivashikina et al., 2001) .
The effect of K + removal from the growth medium on xylem water and K + transport indicated the existence of a mechanism enabling the perception of plant K + status and/or K + availability in the medium, which triggers transduction processes governing the transport of water and K + from the root to the shoot. On the basis of the available data, this phenomenon can be described, but its underlying causes cannot be clarified in detail. Nonetheless, the idea of the existence of a mechanism for the perception of K + deprivation is supported by the results obtained when K + was applied to shoot. In K + -deprived plants, root hydraulic conductivity, water and K + transport in the root (Figs 3, 4, 5, 6) were decreased by leaf application of K + (or Rb + ). In control plants, leaf K + treatment had no effect. These findings cannot be ascribed to a noticeable change in plant nutrient status, since leaf treatments did not significantly modify the internal K + content of the plants (Table 1) ; it would therefore appear that leaf treatment deactivates the putative K + status perception mechanism. These results also point to the need for a leaf-generated signalling system which acts on the root, regulating root water and K + transport.
